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High intensity x-rays at an advanced light facility were used to probe the strained atomic spacing of
Cu interconnects embedded in ultralow-k dielectrics of different porosities. The assumption that the
strain-free atomic spacing of a thin film can be extrapolated from a relationship based on the
material stiffness coefficients used in literature is tested and demonstrated experimentally using a
series of blanket wafers. This is used to calculate the stress of 100 nm interconnects. High porosity
materials show in-plane relaxation reducing the stress. The air gap architecture is shown to provide
little constraint with the lowest Cu stress. © 2009 American Institute of Physics.
DOI: 10.1063/1.3133345
Stress induced by deposition, thermal treatment, and
loading is present in all structural components of every size
and can have both favorable and detrimental effects. An un-
derstanding of stress in the automotive, aeronautical, and
construction industries is necessary to make such compo-
nents reliable. This is also true for the semiconductor indus-
try where the structural integrity of submicron “interconnect-
ing” wires can affect reliability.1 X-ray diffraction is widely
used as a nondestructive technique2 to determine the stress
state of metal grains by precision lattice parameter measure-
ments using Bragg’s law,3 =2d sin . This relates the con-
dition for constructive interference to the wavelength  and
incident angle  on the axis to lattice spacing d or atomic
spacing a, following a=dh2+k2+ l21/2. In recent years, a
number of groups have applied the x-ray diffraction tech-
nique to investigate interconnects in the damascene stack at
dimensions down to 200 nm, demonstrating the role of the
confining barrier,4 cap/passivation,5 and dielectric6 on inter-
connect stress.
The continued scaling of integrated circuits brings the
need for new materials to reduce interconnect delay.7 The
addition of highly porous materials, introduced to lower the
effective k-value of the back end stack, requires consider-
ation of the structure’s mechanical stability.8,9 In this study,
the stress of interconnects scaled to a line width of 90 nm
and embedded in advanced organo-silicate-glass OSG di-
electrics are measured, using porosities of 7% k=3.0 and
25% k=2.5. Finally, the impact the novel air gap architec-
ture has on interconnect stress is evaluated.
Measurements were performed on parallel lines prepared
with equal line-to-space ratio. Cu lines of 90 and 500 nm
width were fabricated in porous SiCOH low-k dielectrics. Air
gap samples were prepared by decomposition of the dielec-
tric following chemical mechanical polishing.10 All samples
were passivated with an 8 nm SiCN layer to prevent oxida-
tion. The grazing incidence x-ray diffraction GIXRD ge-
ometry Fig. 1a was used to measure the in-plane strain as
described by Besser et al.11 Incident at a low angle, x-rays
diffract from planes perpendicular to the surface normal. By
aligning the scattering vector Q parallel and perpendicular
to the line orientation, Bragg’s law is satisfied by planes
running along the direction of the line or across the line
width. Thus, a direct measure of the strain in the line length
and width x and y is possible. The -2 geometry Fig.
1b, was used to measure the out-of-plane strain z satis-
fying Bragg’s law with planes belonging to the films domi-
nant texture.
The stress state  of a uniform thin film is biaxial and
can be determined from a single strain measurement using a
one-dimensional generalization of Hooke’s law =E,
where E is the elastic modulus. However, pattering a film
produces a nonuniform strain distribution. Further passiva-
tion adds constraint in a third axis, producing a triaxial stress
state and a stress tensor is needed: ij =Cijkl kl, where Cijkl is
the tensor describing the stiffness coefficients of the crystal
referred to the 111 coordinate system using the transforma-
tion given in Refs. 12 and 13. This leads to the formation of
equations for the triaxial stress,
x = C11 x + C12 y + C13 z, 1
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FIG. 1. Color online Diffraction geometries: a GIXRD, showing the
sample from top view; b -2, showing the sample in cross-section; and
c the line coordinate system.
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y = C12 x + C11 y + C13 z, 2
z = C13 x + C13 y + C33 z, 3
where, x is defined along the line length, y across the line,
and z out of plane, as shown in Fig. 1c.
The calculation of strain, and hence stress, requires
knowledge of the strain-free atomic spacing, a0, according to
kl= akl−a0 /a0. A standard reference cannot be used, owing
to small shifts in the atomic spacing induced by impurities.
Thus, a0 must be calculated using Cu samples prepared in a
similar manner. This can be done for thin films using a blan-
ket sample. A strain in the plane will cause the opposite
strain out of the plane, through Poisson’s relation. Therefore,
the strain on a uniform blanket film varies from positive to
negative when the lattice is rotated through 90°, and there is
an angle where the atomic spacing is equivalent to a0. This
assumes a linear a versus sin2  relationship,2 where ax is at
=90° and az at =0°. A linear relationship is demonstrated
in Fig. 2a using the three available 311 planes measured
with the sin2  method.2 Therefore, the strain-free angle 0
can be calculated using a0= ax−azsin2 0+az from Fig.
2a and solving Eqs. 1 and 2 for ax, assuming x=y
for an equal biaxial strain; and calculating az from Eq. 3,
assuming z=0. Hence,
sin2 0 = 2C13 /2C13 + C33 . 4
This equation has been extensively used in previous
studies.4–6,13 However, to the authors’ knowledge, this as-
sumption has never been validated in the literature. To test
the hypothesis and determine an accurate strain-free param-
eter for further experiments, a series of blanket Cu wafers
with different annealing conditions were measured. If the
assumption is correct, although each sample may differ in
stress, the samples should give the same strain-free state in-
dependent of annealing condition. Figure 2b shows the
measurements for the blanket samples plotted on a sin2 
graph. The change in stress between the annealing conditions
can be observed, and their intersection shows the experimen-
tal 0 and associated a0. The estimated 0 of 0.422 Eq. 4
compares well with the experimental value of 0.392, show-
ing only a 10−5 Å standard deviation in atomic spacing,
around two orders of magnitude lower than the changes in
strain observed and comparable to the measurement error.
This demonstrates Eq. 4 is a valid approximation for the
strain-free parameter.
Figure 3 shows the stress for interconnects embedded in
the 7% and 25% porosity materials calculated using the
strain-free parameter determined above. The stress is lower
in the higher porosity material. This can be attributed to re-
laxation of the strain across the lines y as the high porosity
material is more compliant, which lowers individual stress
components following Eqs. 1–3. The reduction in stress
with increasing line width suggests that the dielectric spacing
influences any relaxation. Furthermore, the linear shift in y
with dielectric spacing line width indicates the dielectrics
absorb a fixed percentage of the total strain energy. The out-
of-plane stress z is negative for the wider lines, with little
effect of porosity. A lower tensile stress or compressive
stress is expected as the constraint in the out-of-plane axis is
less significant. This allows the wider lines to behave more
like a plate, and develop the large negative strain also seen in
Fig. 2 for the blanket films. The dielectric has little effect as
most of its constraint is in the plane, weakly coupled to the
out-of-plane axis by the thin capping layer. Figure 4 com-
pares the hydrostatic volume average stress for the low-k
integration schemes, showing the increase in porosity has a
significant effect on the Cu stress. Although the integration
of porous dielectrics offers a solution to reduce interconnect
delay in future technology nodes, air with a k-value of 1 is
the ultimate dielectric material to minimize capacitance be-
tween metal levels. The introduction of air gaps is mechani-
cally interesting, with an ultimate elastic modulus of zero.
The low constraint offered only by the thin sidewall diffusion
barrier and passivation in the air gap structure results in an
80% drop in hydrostatic stress when compared to the 7%
porosity material Fig. 4. Such a low constraint will affect
the formation of voids and shorts hillocks, and limit the
reliability of air gap structures.14
In summary, the strain-free atomic spacing of a thin film
was experimentally determined by equating the lattice pa-
rameter of a series of blanket Cu wafers with different stress
when rotated through psi-space. This shows close agreement
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FIG. 2. Color online sin2 -plot for blanket wafers processed with differ-
ent metallization thermal treatments, showing a measurements made on
available 311 planes, and b a fit of the strain-free atomic spacing.
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FIG. 3. Color online Stress as a function of dielectric porosity for 90 and
500 nm line widths.
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with an estimation used elsewhere, derived using a single
blanket film and the ratio of the material stiffness coefficients
for thin film Cu independent of annealing condition. Thus,
demonstrating the single wafer assumption is valid for thin
film materials. Using this strain-free parameter, the effect of
porosity scaling in OSG low-k dielectrics on the stress of
90 nm Cu interconnects was studied, demonstrating that di-
electric porosity is important when defining the stress state of
advanced interconnects. The high porosity compliant materi-
als result in Cu with a lower stress due to relaxation in the
plane, and air gaps show the lowest stress as the constraint
on the lines reduces toward zero.
This work was supported by the European Com-
mission’s Information Society Technologies program under
PULLNANO Grant. No. IST-026828, EPSRC U.K., and
the Marie Curie APROTHIN scheme.
1G. Reimbold, O. Sicardy, L. Arnaud, F. Fillot, and J. Torres, Tech. Dig. -
Int. Electron Devices Meet. 2002, 745.
2I. C. Noyan and J. B. Cohen, Residual Stress–Measurements by Diffrac-
tion and Interpretation Springer, New York, 1987.
3W. L. Bragg, Proc. Cambridge Philos. Soc. 17, 43 1913.
4S.-H. Rhee, Y. Du, and P. S. Ho, Proceedings of the IEEE International
Interconnect Technology Conference, 2001 unpublished, p. 89.
5S. P. Hau-Riege and C. V. Thompson, J. Mater. Res. 15, 1797 1999.
6D. Gan, G. Wang, and P. S. Ho, Proceedings of the IEEE International
Interconnect Technology Conference, 2002 unpublished, p. 271.
7International Technology Roadmap for Semiconductors, http://
www.itrs.net.
8G. Kloster, T. Scherban, G. Xu, J. Blaine, B. Sun, and Y. Zhou, Proceed-
ings of the IEEE International Interconnect Technology Conference, 2002
unpublished, p. 242.
9K. Mosig, T. Jacobs, K. Brennan, M. Rasco, J. Wolf, and R. Augur, Mi-
croelectron. Eng. 64, 11 2002.
10M. Pantouvaki, A. Humbert, E. VanBesien, E. Camerotto, Y. Travaly, O.
Richard, M. Willegems, H. Volders, K. Kellens, R. Daamen, R. J. O. M.
Hoofman, and G. Beyer, Microelectron. Eng. 85, 2071 2008.
11P. R. Besser, S. Brennan, and J. C. Bravman, J. Mater. Res. 9, 13 1994.
12W. A. Brantley, J. Appl. Phys. 44, 534 1973.
13P. A. Flinn and C. Chiang, J. Appl. Phys. 67, 2927 1990.
14B. P. Shieh, L. C. Bassman, D.-K. Kim, K. C. Saraswat, M. D. Deal, J. P.
McVittie, R. S. List, S. Nag, and L. Ting, Proceedings of the IEEE Inter-
national Interconnect Technology Conference, 1998 unpublished, p. 125.
0.0
0.2
0.4
0.6
0.8
1.0
1.2
7% 25% Air Gap
N
or
m
al
iz
ed
H
yd
ro
st
at
ic
St
re
ss
DielectricPorosity (%)
FIG. 4. Color online Normalized change in hydrostatic stress for 90 nm
lines integrated in different dielectrics. The inserts show examples of the
low-k and air gap stack.
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